Introduction
Liandratite, with the ideal formula U 6+ (Nb,Ta) 2 O 8 , is a rare mineral, first described from the granitic pegmatite Antsakoa I in Madagascar by Mücke and Strunz (1978) , where it is an oxidation product of the isostructural petschekite U 4+ Fe 2+ (Nb,Ta) 2 O 8 . Both phases are metamict and after heating they yield products with X-ray powder diffraction (XRD) patterns similar to that of synthetic U 6+ Ta 2 O 8 (Gasperin 1960) , implying the P31m space group.
Since its first description as a new mineral species, liandratite has only been mentioned by several authors (Lumpkin and Ewing 1996; Lumpkin 2001; Kristiansen 2006; Abd El-Naby 2009; Galliski et al. 2009; Matyszczak 2013 Matyszczak , 2014 , while chemical data seem to have been presented only by Lumpkin and Ewing (1996) . The latter authors found liandratite as a weathering product of betafite (□,U 4+ ) 2 Ti 2 O 6 (O,OH,F) and analyses revealed that the chemical composition of liandratite is no less complex than those of the other Nb-Ta-Ti oxides.
Liandratite shows a strong compositional similarity to the U-rich member of the pyrochlore group -uranopyrochlore (□,U 4+ ) 2 Nb 2 O 6 (O,OH,F) (Atencio et al. 2010) ; however, it has a different U oxidation state. Unfortunately, to the author's knowledge, uranopyrochlore is still a rather theoretical member of the pyrochlore group because there is currently no species fulfilling the classification criteria proposed by Atencio et al. (2010) for this mineral. Only one analysis in the literature satisfactorily meets the dominant valence rule regarding the U content in the A-site: analysis 9 from Chibiny (Chakhmouradian and Mitchell 2002) .
Abstract
The chemical composition of liandratite, U 6+ (Nb,Ta) 2 O 8 , was determined from material collected in Niobium, Yttrium, Fluorine type (NYF) pegmatites of the Karkonosze intrusion (Sudetes, SW Poland) . Liandratite occurs mainly as rims, up to 40 µm thick, and fracture infillings in fergusonite-(Y) and other Nb-Ta-Ti minerals. Its formation was related to the fluid-driven alteration of primary minerals by three potential mechanisms: (i) direct replacement of a primary mineral by liandratite; (ii) breakdown of the primary mineral to liandratite and a product with the composition of minerals of the pyrochlore group; (iii) multistage alteration, which involved: removal of A-site cations (mostly Y + REE with the exception of U 4+ ) and formation of phases with the composition of pyrochlore group minerals; then crystallization of U-, Bi-, Pb-rich pyrochlores and their replacement by liandratite. The chemical compositions of liandratite formed by the breakdown of different primary minerals are also different, mainly in their U, Ti and Nb contents. Excess Ti, relative to the U 6+ Nb 2 O 8 end-member, is incorporated into the structure together with additional U. The Ti content of liandratite, and partially through this the U content, are dependent on the nature of the precursor mineral.
"Uranopyrochlore" from the Nechalacho REE deposit (Timofeev and Williams-Jones 2015) can be classified as calciopyrochlore from the prevalent amount of 2 + -valence group cations. Additionally, a single U-rich member of the betafite group, classified as oxyuranobetafite, was described by Mokhov et al. (2008) . This paper presents new chemical analyses of liandratite from Karkonosze pegmatites and summarizes the available data on this phase in terms of its chemical similarity to the U-rich pyrochlore-betafite solid solutions.
Geological setting Granite
Karkonosze is a Variscan granitoid pluton located on the northeastern edge of the Bohemian Massif (Fig. 1 ). It is a postcollisional type pluton, composed mainly of peraluminous, calc-to sub-alkaline granite and considered to be an I-to transitional I/S-type (Mikulski 2007) . According to Słaby and Martin (2008) most of the pluton is a product of mixing of acidic crustal melts with mantle-derived mafic melts. Mixing, hybridization and fractional crystallization were involved in the evolution of the pluton.
The pluton is formed of several varieties of granitoids, among which four main types can be distinguished in the Polish part: (i) Porphyritic coarse-to medium-grained granite is characterized by the presence of K-feldspar phenocrysts a few cm in size, often mantled by albite or oligoclase, with subordinate hornblende. Traditionally, it has been called the central granite in the Polish section of Karkonosze (Borkowska 1966) and is subdivided into the Jizera and Liberec types in the Czech part (Žák and Klomínský 2007) . (ii) Equigranular, medium-grained biotite granite (the Harrachov type; Žák and Klomínský 2007) is composed of K-feldspar, quartz, plagioclase and depleted in hornblende. This variety occurs mainly in the middle of the intrusion and also in the eastern part. (iii) Fine-grained biotite granite is very similar to variety (ii) in composition; this rock is often called the ridge (Borkowska 1966) or Karkonosze granite (Žák and Klomínský 2007) . (iv) A subordinate variety granophyric granite is present as small bodies near Jelenia Góra and builds the middle part of the Rudawy Janowickie ridge near Strużnica (Borkowska 1966) . In addition to these four main granitoid types, the two-mica granite of Tanvald type (v) is present in the southwestern part of the pluton and the Fojtka granodiorite (vi) is hosted in the porphyritic variety (between the Liberec and Jizera types) in the western part.
Based on chemical abrasion-isotope dilution-thermal ionization mass spectrometry (CA-ID-TIMS) zircon ages, the age of emplacement of the main granite varieties (porphyritic and equigranular) was estimated at ca. Fig. 1 Location of investigated pegmatites and groups of pegmatites in the Karkononosze pluton. In the general map a red colour is applied to granitoid plutons. Modified after Žák et al. (2013) et al. 2014). Detailed information on the Karkonosze pluton is given by Kryza et al. (2014) , Žák and Klomínský (2007) , Žák et al. (2013) ; see also references therein.
Pegmatites
Pegmatites are common in the Karkonosze pluton, although probably a significant part of them were removed by erosion of the upper part of the intrusion, along with the metamorphic cover. They take different forms: ovoidal, globular, lenticular and veins. The size is very variable, from decimetresized nests to bodies several meters long (Kozłowski and Sachanbiński 2007) . In the past they were used as feldspar raw material for ceramic production. At the end of the 19th or beginning of the twentieth centuries exploitation ceased and since that time most of the pegmatites have been forgotten.
Six of the investigated pegmatites, Rudzianki #1, Sosnówka #1, #2, Karpniki #1, #3 and Königstein, are bodies of significant size. The biggest, Karpniki #1, is probably tens of meters in length; others are smaller, up to several meters in maximum dimension. The other investigated pegmatites are veins or parts of veins with a thickness of several tens of centimetres. All the investigated pegmatites are hosted in the porphyritic variety of the Karkonosze granite ( Fig. 1) , with the exception of the Grodna #1 pegmatite vein which is found in a small occurrence of the equigranular granite type.
The contact between pegmatite and host rock is usually sharp. The border zone is represented by aplite, followed by a fine graphic zone and a blocky K-feldspar (microcline?) zone with quartz toward the core. The whole sequence is complemented by a quartz core (Fig. 2) . The presence of these zones depends on the thickness of the pegmatite and usually only large bodies have all the zones well developed. The Sosnówka #1 and #2 pegmatites show a biotite schlieren at the contact between pegmatite and host rock.
The mineralogical composition of the pegmatite bodies is rather simple: K-feldspar, quartz, biotite, and less commonly muscovite. Biotite is frequently chloritized. (Černý and Ercit 2005; Martin and De Vito 2005; Černý et al. 2012) , the mineralogical composition of most pegmatite bodies indicates mainly a NYF affiliation. The Karkonosze pegmatites can be assigned in general to the rare element (REL) and miarolitic class pegmatites of the NYF family sensu Ercit 2005 (Pieczka et al. 2015) . Details of the Karkonosze pegmatites are presented in Kozłowski and Sachanbiński (2007) , Pieczka et al. (2015) and references therein.
Recent mineralogical studies (Matyszczak 2013) indicate that the investigated liandratite-bearing pegmatites can be assigned with some ambiguity to the euxenite, gadolinite and allanite-monazite type of the REL-REE subclasses sensu Černý and Ercit (2005) . The mineralogical composition of the following bodies allows us to ascribe them to the euxenite type: Sosnówka#1?, Grodna#1, Karpniki#2, Karpniki#3, Karpniki#4 and Königstein? The presence of gadolinite subgroup minerals in Karpniki#1 and Rudzianki#1 pegmatites might suggest an affiliation to the gadolinite type; however only a single grain of these minerals was found. In the localities mentioned, HREE minerals prevail over LREE types ( Table 1 ). The allanite-monazite type is represented only by the Sosnówka #2 pegmatite, in which allanite-(Ce) together with monazite group minerals seem to be the main REE minerals (Table 1) .
Samples and experimental

Description of samples
The material for analysis was obtained mostly from dumps in amounts of 3-4 kg from each pegmatite and comprises blocks of K-feldspar, sometimes with gray quartz and altered biotite and rarely with fine muscovite. It probably corresponds to the intermediate pegmatite zone. In the case of pegmatites Karpniki #2 and #4 the samples comprise a graphic zone together with subhedral K-feldspar crystals, as a result of the small size of the pegmatite bodies.
After preliminary treatment of the pegmatites (crushing, milling in a disc mill and sieving), heavy minerals were separated in bromoform. Unfortunately, such a preparation usually makes it very difficult, or even impossible, to determine the textural relationships between minerals as well as the morphology of single crystals. Nevertheless, such a procedure was necessary to obtain representative heavy mineral samples. Liandratite is a fairly common Nb-Ta-Ti mineral in the Karkonosze pegmatites. It was found in 9 of the 11 studied localities, which are chiefly in the northeastern part of the pluton (Fig. 1) .
Four types of liandratite occurrence can be distinguished: (i) Liandratite is found in rims (up to 40 µm thick) and fracture infillings in fergusonite-(Y) (Fig. 3a-b ) or in polycrase-(Y). The contact between liandratite and the host mineral is usually sharp, without any transition zone. Such a zone is sometimes present, especially on grains showing more advanced replacement (Fig. 3b) , and is a result of the alteration of a host mineral (Y + REE loss or substitution by Ca, addition Si, hydration). Both types of replacement can be present simultaneously in the same grain. (ii) There are porous liandratite masses (aggregates?) replacing minerals of the pyrochlore group (Fig. 3c ). Although this type of occurrence is less common, replacing a host mineral by liandratite is often followed by alteration of the former to a phase with the composition of the pyrochlore group minerals. Sometimes alteration leads to the formation of Pb-, Bi-or U-bearing pyrochlores associated with liandratite. (iii) Liandratite occurs as inclusions in heavily altered Nb-Ta-Ti minerals (Fig. 3d) . They are tens of micrometers in size and are randomly spread in the host matrix. (iv) A probably euhedral liandratite crystal was found in one pegmatite; the grain has a triangular form with a maximum dimension of 90 µm. This crystal was filled with a mineral from the cheralite-huttonite CaTh(PO 4 ) 2 -ThSiO 4 solid solution series (Fig. 3f) . In addition to the previously mentioned assemblages, liandratite occurs together with the Ce and Nd varieties of monazite, cerianite-(Ce) (Ce,Th)O 2 , xenotime-(Y)-chernovite-(Y) solid solution and allanite-(Ce). Note that cassiterite is present in these assemblages less frequently. 
Analytical methods
Images of samples were obtained using a Jeol JSM-6380 LA scanning electron microscope (SEM). The chemical composition of minerals was determined using a CAMECA SX-100 electron probe micro-analyser (EPMA). The analyses were made with a 15 kV and 20-60 nA beam current, beam diameter 3-5 µm, peak count time of 30 s for REE and 20 s for the other elements and background count time was half of that of the respective peak. The analytical lines, reference materials and detection limits are given in the electronic supplementary material Table S1 . The on-line PAP protocol (Pouchou and Pichoir 1985) was applied to the raw data. A distinction between the columbite group minerals and ixiolite was based only on the stoichiometric criterion suggested by Wise et al. (1998) and applied by Beurlen et al. (2007) . The name ixiolite was used for samples with more than 10 mol % SnO 2 + TiO 2 + ZrO 2 + HfO 2 + Sc 2 O 3 + Fe 2 O 3 .
The term mineral with a composition of the pyrochlore group minerals was applied to (i) the heavily altered Nb-TaTi oxides witch fall in field of "pyrochlore group" minerals of statistical discrimination proposed by Ercit (2005) , with high A-site cation deficiency, low totals and usually a high SiO 2 content in analyses. The degree of alteration makes us unable to identify their precursors. This group contains samples whose precursors presumably were fergusonite-(Y), aeschynite-euxenite groups minerals or less often ixiolite; (ii) newly formed secondary minerals of the pyrochlore group, enriched in U, Pb, sometimes in Bi, however still silicified and with A-site cations deficiency, are classified according to Atencio et al. (2010) as zero valence dominant pyrochlore group minerals.
The chemical analyses of liandratite were recalculated on the basis of 8 oxygen atoms per formula unit. All U was treated as U 6+ with regard to liandratite and U 4+ to ixiolite, polycrase-(Y), fergusonite-(Y) and its alteration products (minerals with the compositions of the pyrochlore group). Total Fe was assumed to be Fe 3+ in the case of liandratite and Fe 2+ in the other phases. The only exceptions are analyses shown in the supplementary material Table S2 , in which Fe is presented as published in the cited original.
Results
General comments
More than 30 determinations revealed the complex composition of liandratite from the Karkonosze pegmatites. Analytical totals are between 89.5 and 99.7 wt%. The behaviour of liandratite during analysis varied from grain to grain. Usually it was fairly stable under the electron beam; hence parts of the analyses were performed with a beam current up to 60 nA. In some cases, for example in pegmatite Karpniki #2, a much lower current was used because of the intense mineral decomposition in the area of analysis. Despite using a low current, such analyses often had low totals. A metamict state and related problems, e.g. beam susceptibility, porosity and possibly the presence of water, are often the causes of low totals in this type of mineral. Selected chemical analyses are given in Table 2 .
The cation content in the A-site is variable and usually significantly exceeds the theoretical number of cations, reaching up to 1.51 apfu. Uranium is the main cation in this position (0.99-1.27 apfu; 49.6-60.0 wt% UO 3 ) but the presence of other cations is notable: Ca (0.01-0.19 apfu; 0.1-1.80 wt% CaO), Y(≤ 0.05apfu; ≤0.87 wt% Y 2 O 3 ), ∑REE (≤ 0.13 apfu; ≤3.6 wt% ∑REE 2 O 3 ); Th (≤ 0.11 apfu; ≤4.6 wt% ThO 2 ), Bi (≤ 0.09 apfu; ≤3.5 wt% Bi 2 O 3 ) and Pb (≤ 0.07 apfu; ≤2.7 wt% PbO).
The B-site occupancy is also variable and, in contrast to the A-site, the cation content is generally slightly (but not always) below the theoretical 2.00 apfu, ranging from 1.70 to 2.10 apfu. Due to the low content of the main cations occupying this site, it was decided to put Fe as Fe 
Chemical composition of the associated minerals
Liandratite occurs in association with various Nb-Ta-Ti minerals. Most textural relationships between liandratite and associated minerals indicate a direct or indirect replacement of the host mineral by a later phase e.g. Fig. 3a -c, including liandratite as one of the breakdown products of unidentified Nb-Ta-Ti oxide minerals, e.g. Fig. 3d . Representative analyses of possible precursors are given in Table 3 .
Due to the ubiquity of its occurrence, fergusonite-(Y) is apparently the most widespread possible precursor of liandratite in the pegmatites. Its composition and those of other possible precursors are plotted in the system Nb-Ta-Ti in Fig. 4 . Fergusonite contains 38.0-44.3 wt% Nb 2 O 5 and small amounts of Ti (0.8-4.4 wt% TiO 2 ) and W (2.5-5.5 wt% WO 3 ). The Ta content is variable (3.0-17.0 wt% Ta 2 O 5 ) and depends on the locality and degree of alteration. The UO 2 content varies between 2.2 and 6.8 wt%.
The next possible precursor, ixiolite, is a rather uncommon mineral in the Karkonosze pegmatites. It is usually altered to some degree and decomposes during analysis. 3.26 1.06 n.a n.a n.a n.a n.a ≤ 3.50 CaO see Fig. 4) ; the content of W (2.9-3.3 wt% WO 3 ) is rather typical of the Karkonosze Nb-Ta-Ti minerals, as is the content of U (2.9-8.1 wt% UO 2 ).
The last-mentioned possible precursors are minerals with the composition of the pyrochlore group. These phases are formed as a result of the multistage alteration of various Nb-Ta-Ti oxide minerals (i.e. fergusonite) in the way described by Ercit (2005) ; usually with loss of A-site cations, Si addition and hydration. A similar alteration affects ixiolite. Sometimes newly formed secondary phases belonging to this group with high contents of Pb, Bi or U are present. The relationship between them and liandratite is rather unclear. The composition of minerals of the pyrochlore group together with Pb-, Bi-, U-rich phases is as follows: 21.9-38.7 wt% Nb 2 O 5 , 5.5-23.6 wt% Ta 2 O 5 , 1.2-9.9 wt% TiO 2 and up to 1.6 wt% WO 3 . Analyses reveal a very high content of silica (2.7-14.2 wt% SiO 2 ) and in specific grains a high content of Pb (up to 16.4 wt% PbO) and sometimes Bi (up to 7.5 wt% Bi 2 O 3 ) and P 2 O 5 (4.6-9.2 wt% P 2 O 5 ). The content of U is very variable and ranges from 0.9 to 12.7 wt% UO 2 . Representative analyses of Pb-and Bi-rich minerals of the pyrochlore group are given in Table 3 (grains Sn#2-11 and Sn2-5; see also Fig. 3f) .
It seems that in the Karkonosze pluton there is no specific mineral which would be more susceptible to alteration than the others and the formation of liandratite depends only on the availability of relevant species in the pegmatite. Therefore liandratite in Karkonosze pegmatites possibly forms mostly after fergusonite since other possibly Nb-Ta-Ti oxide precursors occur much less frequently.
Chemical similarity to uranopyrochlores
Liandratite seems to be compositionally similar to uranopyrochlore (Atencio et al. 2010 ) in terms of the main elements; however, it has a different U oxidation state. According to the currently proposed nomenclature of the pyrochlore supergroup (Atencio et al. 2010) , uranopyrochlore is a member of the pyrochlore group, with U 4+ as the dominant cation at the A-site, assuming that 4 + -valence cations prevail over other valence groups at this site and not regarding the dominant anion at the Y-site. It is still a somewhat theoretical mineral. The reason is the absence in the literature of an analysis meeting the current nomenclature rules. As previously mentioned, the dominant valence rule regarding the U content in the A-site is in fact met only by analysis 9 from Chibiny (Chakhmouradian and Mitchell 2002) .
Due to the scarcity of good analyses of uranopyrochlore, the analyses of liandratite were compared to the theoretical composition of the following end-members: oxyuranopyrochlore □UNb 2 O 6 O and oxyuranobetafite (□ 0.5 U 1.5 ) 2 Ti 2 O 6 O. This theoretical solid solution represents the most U-enriched members of the pyrochlore and betafite groups, respectively.
Data for U-rich members of the pyrochlore supergroup are plotted on Fig. 5 , having been classified previously as uranpyrochlore and uranmicrolite (Hogarth 1977) , partly given in Table S2 . The content of U in the A-site in these analyses is > 20% of cations other than Na and Ca. The theoretical compositions of oxyuranopyrochlore and oxyuranobetafite end-members are as follows: 50.4 wt% UO 2 , 49.6 wt% Nb 2 O 5 and 71.7 wt% UO 2 , 28.29 wt% TiO 2 , respectively. The change of composition between these two end-members should proceed along the line according to the exchange 0.5□+(Nb,Ta) 5+ 2 ↔0.5U 4+ +2Ti 4+ , which borders the composition field of pyrochlores in the system U-Nb + Ta-Ti (Fig. 5) .
Normally, plots of the chemical composition of the U-rich phases of pyrochlore-betafite solid solution in the system U-Nb + Ta-Ti should not exceed this boundary line. However, shifting the plot across the line is possible with a considerable contribution by Al and Fe 3+ in comparison to Ti. Such a case is represented by analysis 9 from Chibiny (Chakhmouradian and Mitchell 2002 ) (Fig. 5) . Analyses of liandratite from Egypt (Abd-el Naby 2009) show a significant dominance of Ti over Nb + Ta which suggests that it should not be considered as liandratite, which is essentially a Nb-dominant U oxide (Table S2) .
A multiplicity of different substitutions in the pyrochloremicrolite-betafite groups yields a situation where in most cases in the system U-Nb + Ta-Ti the compositional fields n.a n.a n.a n.a n. of natural U-rich pyrochlores fall in the area below the □UNb 2 O 6 O-(□ 0.5 U 1.5 ) 2 Ti 2 O 6 O boundary. This is evidence that distinguishing between the U-rich pyrochlore group minerals and liandratite in the U-Nb + Ta-Ti system in most cases is possible, although ideal liandratite has the same theoretical U to Nb + Ta ratio as oxyuranopyrochlore. Exceptions arise when the B-site in the pyrochlore group is significantly occupied by trivalent cations -Al, Fe 3+ (or by other cations different to Nb, Ta, Ti), when the compositional plot could be shifted and fall in the liandratite field. Theoretically, analyses of liandratite trending toward the U 1.33 Ti 2 O 8 endmember, due to the slightly overlapping composition fields of pyrochlore and liandratite, can also mistakenly be considered to be uranopyrochlore.
Discussion
The occurrence of liandratite suggests three possible modes of origin. One would be the direct replacement of a primary mineral (e.g. fergusonite) from the outer part toward its inner core along cracks and fissures present in the host (Fig. 3a-b) . Occasionally between liandratite and the host mineral a transitional zone formed (Fig. 3b) . Its chemical composition corresponds to the composition of the fergusonite at different alteration stages (mostly early or moderate) i.e. elevated Ca and decreased Y + REE contents, minor Si addition. It seems that in this case liandratite incorporates almost the whole element set of its precursor, except for Y + REE which are removed during alteration. In contrast to the observation of Lumpkin and Ewing (1996) in breakdown assemblages, discrete Ti-phases (e.g. rutile) were not found, even in altered Ti-rich phases such as polycrase-(Y). Only the excess Fe from Fe-rich phases (e.g. ixiolite) was transported out of liandratite and formed rims around it.
The second mode is possibly related to the breakdown of the precursor to two phases. These are a phase with the composition of pyrochlore group minerals (almost totally depleted in typical A-site cations) and liandratite, which occurs as 10-50 μm inclusions.
In the Sosnówka#1 pegmatite, a third, multistage-type alteration to liandratite was identified. It is based on the observation that the primary mineral is altered first to a phase with the composition of the pyrochlore group minerals Table S2 . Please refer also to Hogarth and Horne (1989) , Lumpkin and Ewing (1996) , Uher et al. (1998) , Chakhmouradian and Mitchell (2002) , Zurevinski and Mitchell (2004) , Caprilli et al. (2006) , Monchoux et al. (2006) , Mokhov et al. (2008) , Abd El-Naby (2009), Timofeev and Williams-Jones (2015) or directly to Pb-, Bi-, U-rich pyrochlores, and then possibly to liandratite (i.e. Fig. 3c ) Sometimes these late-formed pyrochlores occurred directly on the primary mineral and then were partly replaced by liandratite. However, the relationships between these pyrochlores and liandratite are not always clear. Obviously the pyrochlores mostly are replaced by liandratite (i.e . Fig. 3c) ; on the other hand, occasionally some occurrences indicate that they may have formed simultaneously. Some textural features of the altered primary Nb-Ta-Ti phases are similar to those described by Poitrasson (2002) in allanite and Ruschel et al. (2010) in fergusonite from Madagascar and permits recognition of this type of alteration as fluid-driven. The alteration probably involved two events with different brine compositions with different oxidation potentials. The first event was related to the alteration of primary Nb-Ta-Ti minerals -removal mostly of the A-site cations, with the exception of U. The content of U in the altered and non-altered parts of the investigated primary Nb-Ta-Ti minerals (mainly fergusonite and aeschynite-euxenite group minerals) is similar or slightly higher in the altered parts which suggests that U 4+ was not converted to U 6+ and also indirectly suggests that the fluids were not oxidising. During the second stage of alteration, U-bearing fluids favoured the formation of liandratite and U-rich pyrochlores. Possibly these were similar solutions to those forming epithermal U deposits in Karkonosze and numerous occurrences of pitchblende in low temperature hydrothermal assemblages within the granite. However, in this case the solutions were more oxidised, conceivably with an influence of meteoric water.
The contents of cations in the A position, significantly higher than the theoretical value, do not seem to be unusual for liandratite, as shown for the first time by Lumpkin and Ewing (1996) . It is caused by the presence of cations other than pentavalent in the B-site, mainly Ti, and the necessary charge compensation. The A position is able to accommodate additional cations as happens in the isostructural petscheckite U 4+ Fe 2+ (Nb,Ta) 2 O 8 . Hence, the chemical formula of liandratite is often presented as similar to that of petscheckite but with a vacancy in the Fe 2+ position, namely U 6+ □(Nb,Ta) 2 O 8 (Černý and Ercit 1989) . The mechanism of incorporation of Ti into the structure is possibly allied to the incorporation of a significantly greater content of U than the theoretical 1 apfu. This can be explained by the coupled heterovalent substitution expressed by the equation 2(Nb, Ta However, 2D plots show ambiguous trends. There is a significant negative correlation between Ti and Nb + Ta with a trend close to 1:1 (Fig. 6a) . The abundance of U is rather weakly positively correlated with the content of Ti (Fig. 6b) .
The analyses plotted on a U vs Ti diagram show a significant scatter but with a positive trend ratio of approximately 1:4 (Fig. 6c) . The relationships between U and Nb + Ta show a weakly negative trend with a ratio close to 1:3 or 1:4. Additionally, it seems that analyses from various pegmatites differ in substitution patterns, which makes it difficult to indicate the main direction of substitution in the whole population. A rather weak set of correlations is possibly caused by the limited number of analyses. On the other hand they express a more complex character of the cation exchange than that mentioned above. Surplus Ti in liandratite, when compared to its ideal endmember, is related to its mineral precursor. There is a strong correlation between the mean content of Ti (expressed in wt%) in the precursor and in the associated liandratite (Fig. 7) . The excess of U is at least partially and indirectly controlled by the amount of Ti in the precursor (Fig. 8) . Liandratite formed by the breakdown of Ti-rich precursors (polycrase) is characterised by an elevated content of U when compared to liandratite from the alteration of low-Ti minerals.
The analysed elements, occupying both A-and B-sites, mostly were found in liandratite (Lumpkin and Ewing 1996) and also in the composition of the isostructural and chemically similar petscheckite (Mücke and Strunz 1978; Tomašić et al. 2004) . However, the presence of non-formula elements such as Al, Si, P and W in the structure of liandratite, sometimes in significant amounts, requires explanation.
The structure of U 6+ Ta 2 O 8 given by Gasperin (1960) has not yet been verified and has even been questioned (Bush and Gruehn 1996) . According to Gasperin's data, the A-site is in sixfold and B-site in eightfold coordination; the number of elements which could possibly occupy the B-position is limited when compared to other Nb-Ti-Ta oxides, e.g. the pyrochlore supergroup and fergusonite. According to Shannon (1976) , Al, Si, P and W do not have as high coordination numbers as Nb, Ta and Ti. The difference between the ionic radii of P (0.38 Å), Si (0.4 Å) in sixfold coordination and Nb (0.74 Å) and Ta and Ti in eightfold coordination (Shannon 1976 ) is 49 and 46% respectively, and this means that they are too small to occupy this position. Although sixfold coordinated Si is known in synthetic silicate pyrochlores (Reid et al. 1977; Xu et al. 2011) they are stable only at high pressures. The role of Si frequently revealed in analyses is still intensively discussed. However the latest investigations of natural Si-bearing pyrochlores excluded the presence of Si 4+ in the structure of this group of minerals (Dumańska-Słowik et al. 2014) .
The occurrence of P is a particular problem. It is rather seldom reported as a non-formula element in metamict NbTa-Ti minerals. However in some Karkonosze pegmatites, meso-and epithermal solutions were P-rich down to very low temperatures, as shown by precipitating phosphate minerals, mainly monazite-(Nd) and probably rhabdophane-(Nd) together with manganese oxides and hydroxides. Therefore, the occasional presence of small amounts of P together with Si and others in the matrix of heavy altered primary Nb-TaTi minerals and in liandratite is not surprising.
In the case of Al (0.54 Å) and W (0.6 Å) the differences are 28% and 21%, respectively, which allows only limited substitution, according to Goldschmidt's rules (Misra 2012) . Hence, the presence of W in the structure with a maximum content of 0.03 apfu seems to be very probable. Possibly Al is also located within the structure but in significantly lower amounts than the maximum of 0.28 apfu mentioned above. Therefore only a small part of the Al found by microprobe analysis possibly occupies the B-site; the rest is not structurally located.
The presence of non-formula elements in various radiation-damaged minerals (e.g. zircon and pyrochlore supergroup minerals) has been extensively investigated (e.g. Geisler et al. 2003; Rayner et al. 2005; Bonazzi et al. 2006; Dumańska-Słowik et al. 2014) . In various minerals of the above-named assemblage there are different elements; however, they share a common feature-they all concentrate in the intensively radiation-damaged, amorphous domains outside the crystal structure of the host mineral. The non-formula elements found in the analyses, namely , Si 4+ and the majority of Al 3+ , due to their inconsistency with the structure of liandratite and by analogy with other metamict minerals, should be treated as elements dispersed in the amorphous matrix (Geisler et al. 2003; Rayner et al. 2005) or as sub-microscopic intergrowths of alumosilicates or phosphates.
Liandratite in Karkonosze pegmatites is a secondary mineral but a detailed explanation of its origin may present some issues. Due to the method of investigation used, crushing, milling etc., it was difficult to obtain the full textural context of the occurrence and as a consequence the origin of the liandratite.
Concluding remarks
Liandratite is a complex secondary mineral formed as a product of alteration of Nb-Ta-Ti oxides such as fergusonite-(Y), minerals from the aeschynite-euxenite group and ixiolite. Apparently, during the alteration of Ti-poor primary minerals, e.g. fergusonite, ixiolite, and the alteration of Ti-rich phases (polycrase), all the Ti is incorporated into liandratite. Incorporation of Ti caused the additional incorporation of U into the structure. Nevertheless, neither of the two theoretical solid solutions fully explains the presence of the significant U excess in liandratite from Karkonosze.
The theoretical U-rich end-member of the pyrochlore group, namely oxyuranopyrochlore □U 4+ Nb 2 O 6 O, has a similar composition to the ideal liandratite, with the exception of different U oxidation states. Its theoretical solid solutions with oxyuranobetafite, (□ 0.5 U 4+ 1.5 ) 2 Ti 2 O 6 O, present the most U-enriched pair of end-members in the pyrochlore supergroup which can be chemically similar (with regard to the U oxidation state) to liandratite. In the system U-Nb + Ta-Ti, the theoretical composition fields of the both groups of minerals, pyrochlores and liandratite, slightly overlap, especially toward the Ti apex. Nevertheless, contemporary reviews of natural U-bearing pyrochlores point out that their compositions usually fall far below the boundary line. The only exceptions are analyses with significant contents of elements other than Nb, Ta, Ti in the B-site which can fall in the liandratite field. On the other hand theoretical liandratite with a significant contribution of U 6 + 1.33 Ti 2 O 8 can be mistakenly identified as pyrochlore. So far the number of liandratite analyses is rather insufficient, its crystallochemical model (scheme) almost unknown and oxyuranopyrochlore is still only a theoretical end-member of the pyrochlore group. Therefore the data presented here are only a first approach to a complete description of the Karkonosze liandratite and to its chemical relationship with the pyrochlore supergroup minerals.
